Thirty-two plant species collected from serpentine (ultramafic) soils in Sri Lanka were screened for antimicrobial properties against three Gram-positive and two Gramnegative bacteria, a non-acid fast bacterium, and the yeast, Candida albicans. Methanol extracts of 29 species belonging to 12 families were active against at least one microorganism. Activity against the Gram-positive and non-acid fast bacteria was common, however, only two taxa, Lantana camara L. (Verbenaceae) and a species of Phyllanthus L. (Euphorbiaceae), were active against the Gram-negative bacterium Pseudomonas aeruginosa. None of the species was active against the other Gram-negative bacterium, Escherichia coli, or C. albicans. Photoactivity was observed from extracts of 10 species belonging to 10 families, including Convolvulaceae, Lamiaceae, and Rhamnaceae where photoactivity has not been previously reported. Interestingly, Leucas zeylanica (L.) R. Br. (Lamiaceae), one of only three species collected from more than one site, showed population-level variation in photoactivity. This is the first study where plants from highly stressful serpentine environments have been tested for antimicrobial activity. Our findings suggest that plants from serpentine environments may have altered antimicrobial activities when compared to their relatives from non-serpentine environments, urging the need to pay attention to substrate, habitat, etc., when collecting plants to test for antimicrobial properties.
Introduction
The quest for plants with medicinal properties continues to receive attention as scientists survey plants, particularly of ethnobotanical significance, for a complete range of biological activities, which range from antibiotic to antitumor. Thus far, plants have provided western medicine with an abundance of drugs and treatments for a variety of health problems (Lewis & Elvin-Lewis, 1977; Bruneton, 1999) . While species used in traditional medicines continue to be the most reliable sources for the discovery of useful compounds, the screening of plants growing under various stresses (Ben et al., 1992; Hanawa et al., 1992; Kruger & Manion, 1994; Broekaert et al., 1997; Mohamed & Sehgal, 1997; Dubery et al., 1999; Pernas et al., 2000) has provided yet another source for compounds with useful activities against microbes. The present study investigated antimicrobial properties of species found on serpentine outcrops in Sri Lanka, a natural environment imposing extreme edaphic stress on plants.
Serpentine soils are the weathered product of ultramafic rocks. Extensive ultramafic rock covers are found along continental margins and on offshore islands and are often associated with obducted oceanic crusts and plate tectonics (Coleman & Jove, 1992) . The soils produced from the weathering of these rocks are often shallow and rocky and consist of high concentrations of Fe and Mg as well as heavy metals such as Ni, Cr, Cd, and Co. Essential nutrients such as N, P, K, and Ca and micro-nutrients such as Mo and B are extremely low making these soils nutrient poor and ionically imbalanced for plant growth. The cation exchange capacities are often lower than in agricultural soils; pH values are often high ranging from 6-9. Further, the sparse vegetation cover characteristic of these environments, makes these soils susceptible to high temperature effects leading to extreme moisture stress. In short, serpentine soils can provide challenging, if not outright hostile, environments for plants (Proctor & Woodell, 1975; Kruckeberg, 1984; Brooks, 1987; Baker et al., 1992) . Plants growing in serpentine soils, however, are physiologically adapted to deal with the stresses of the Accepted: February 8, 2002 environment: plants possess various morphological features to deal with the physical stresses of the environment and physiological mechanisms to cope with the unusual chemical environment. It is possible that various compounds that are induced by stress, either for tolerance or as a by-product of some physiological process, may in fact possess antimicrobial properties. Hence, plants growing in serpentine environments may be good candidates for the study of plants with antimicrobial properties.
Recent studies in this laboratory have shown the induction of antifungal compounds in plants exposed to Cu stress (Hanawa et al., 2000) . Work by other researchers (Tahara et al., 1994; Hashem & Sahab, 1999) has also shown the induction of antimicrobial compounds by plants exposed to high Cu. As well, compounds induced by salinity stress have been associated with defense proteins possessing antifungal activity (Vigers et al., 1991; Pernas et al., 2000) . Studies done on species growing in high metal environments such as serpentine habitats have shown that plants that accumulate heavy metals may have better defenses against herbivores and pathogens (Boyd, 1998) . Boyd et al. (1994) have shown that the Ni hyperaccumulating plant, Streptanthus polygaloides Gray (Brassicaceae), may be effective against the pathogenic fungus Erysiphe polygoni, pathogenic bacterium Xanthomonas campestris pv. campestris, and the necrotrophic fungus, Alternaria brassicicola. Other studies (Weiersbye & Przybylowicz, 1999; Ghaderian et al., 2000) further support the hypothesis that metal hyperaccumulation by plants is closely linked to enhanced protection against disease.
The present study was conducted to determine the antimicrobial activities of species collected during an exploration of four of the five known serpentine outcrops in Sri Lanka (Rajakaruna & Bohm, 2002) . The species collected are not endemic to Sri Lanka or restricted to the substrate, however, findings suggest that several species may represent physiological races or ecotypes unique to the substrate. Several species accumulated metals to levels considered toxic to physiological processes of plants. Three (Rajakaruna & Bohm, 2002) .
Interestingly, many of the species surveyed in the study (24 out of 32) have a history of traditional use in Sri Lanka (Jayaweera, 1980 (Jayaweera, -1982 Dassanayke, 1980 Dassanayke, -2000 Ashton et al., 1997) and in the neighboring sub-continent of India (Dash, 1991; Pal & Jain, 1998) suggesting that medicinal properties of these species are not limited to populations found on serpentine soils. However, it is of interest to find out if serpentine populations, especially those species hyperaccumulating metal, have unusual activity compared to previously reported activities of the same species collected from non-serpentine substrates. In addition, the history of medicinal use for many of these species makes them good candidates for the present study (Table 1) .
Materials and methods

Field collections
Plants were collected from four of the five known serpentine outcrops in Sri Lanka during March and April, 1999 . The locations of the collection sites are indicated in Figure 1 and described previously by Rajakaruna and Bohm (2002) .
Due to time constraints for field work and to aid in subsequent identification, only species in the reproductive stage were collected. For herbaceous species, whole plants were collected and for trees and shrubs, stems with leaves and reproductive structures were collected. Specimens were cleaned of adhering soil/dust in the field by shaking and quick rinsing with tap water. Plants were placed in paper bags and transferred to the laboratory. Any remaining particles of soil were removed by use of pressurized airflow and by the use of a paint brush and, in some cases, by quick rinsing with distilled water. All plants were allowed to dry at room temperature and were tested for activity approximately one and half years after collection. The plant species used in this study are documented in Table 2 . Specimens of all species will be deposited at the University of British Columbia Herbarium, Vancouver, BC, Canada.
Extract and disk preparation
Each plant sample was thoroughly ground using a Model CG 150 Sunbeam Café Mill. For each species, one gram of tissue was extracted with 10 mL of 100% methanol and stored in darkness for 72 h. Each crude extract was filtered through Whatman #3 filter paper and the filtrate was rotoevaporated to dryness. One gram of the dried filtrate was reconstituted with 10 mL of 100% methanol. Paper disks (diameter 6 mm) were then impregnated with 20 mL of the final extract, the equivalent of 2 mg/mL of dried plant material. Once the methanol had evaporated, the disks were placed in a refrigerator and stored in darkness at 4°C for the duration of the assays.
Microorganisms
A total of seven microorganisms were used in the screening: Staphylococcus aureus (methicillin-resistant), Bacillus subtilis, and Enterobacter faecalis were the three Gram-positive bacteria while Escherichia coli and Pseudomonas aeruginosa H187 (wild type) were the two Gram-negative bacteria.
Mycobacter phlei was a non-acid fast bacterium tested, while Candida albicans was the only fungal microorganism used in the study. All cultures were from the collection of Dr. G.H.N. Towers, Department of Botany, University of British Columbia, Vancouver, Canada.
An inoculum of each microorganism was suspended in 3 mL of nutrient broth. The bacteria species were cultured in the Mueller-Hinton broth while the yeast species was cultured in SAB broth (Becton Dickinson & Company, MD, U.S.A). All cultures were incubated on a shaker at 37°C for 18 h and then diluted to 1/10 the concentration to yield a culture density of approximately 10 8 CFU/mL.
Antimicrobial assays
The disk diffusion assay (Lennette, 1985) was used to screen for antimicrobial activity. Using cotton swabs, the cultures were evenly spread over the appropriate media: bacteria on Mueller-Hinton agar and the yeast on SAB agar. Duplicates were made for each assay and the impregnated disks were placed on plates under darkness. All plates were then covered and incubated for 30 min at 37°C. One plate from each assay was then placed under long wave UV light (Sylvania, F20T12/BLB, 20W, four bulbs) for 45 min at room temperature while the other remained in the darkness. After the irradiation treatment, plates were returned to the incubator and incubated for 24 h. At the end of the incubation period, zones of inhibition around each disk were measured and graded according to the diameter of the zone of inhibition. Antimicrobial activity resulting from or enhanced by the UV treatment was reported as phototoxic. Disks impregnated with 20 mL of methanol were used as negative controls while disks impregnated with 10 mL each of Gentamicin, Nystatin, and 8-methoxypsoralen "8-MOP" (Sigma-Aldrich Canada Ltd., Ontario, Canada) were used as positive controls for antibacterial and antifungal activity, and photoactivity, respectively. Each assay, for both dark and light treatments, was performed three times except for samples that showed no activity over the first two trials.
Results
A total of 29 out of the 32 species screened demonstrated activity against at least one microorganism ( and Leucas zeylanica produced the largest zones of inhibition against these two bacteria. The activity of the two species was either light induced or light enhanced documenting photoactivity for the two species. In all cases where an extract was inhibitory towards only S. aureus or B. subtilis, the activity of the extract was either light induced or light enhanced. None of the species tested was active against the Gramnegative bacterium, E. coli or the yeast, C. albicans. Extracts from both Lantana camara and the unidentified species of Phyllanthus inhibited the growth of the Gram-negative bacterium, P. aeruginosa. Activities of both these species were light activated. Lantana camara and the Phyllanthus species demonstrated the broadest range of activity, with non-photosensitive activity against all the Gram-positive bacteria and M. phlei. Photoactivity was observed in 10 plant species from 10 families. For the families Convolvulaceae, Lamiaceae, and Rhamnaceae, this is the first report of photoactivity. In terms of the microorganisms tested, S. aureus, B. subtilis, and P. aeruginosa were susceptible to UV-induced activity while growth inhibition of E. faecalis and M. phlei remained constant between light and dark treatments.
The negative control of methanol had no effect on microbial growth. The positive controls had varied activity: Gentamicin inhibited the growth of the six bacterial species to a greater degree than the plant extracts although this was matched by three species (Phoenix farinifera, Fimbristlylis falcata, Clerodendrum infortunatum) in activity toward E. faecalis. Nystatin effectively inhibited the growth of C. albicans, but the activity was lost after UV irradiation. The positive control for photoactivity, 8-MOP, was effective at inhibiting the growth of all but one of the microorganisms tested; this compound had no effect on the growth of P. aeruginosa.
Three species, Phoenix farinifera, Leucas zeylanica, and Eupatorium odoratum L. (Asteraceae), were collected from more than one location. Although, both P. farinifera and E. odoratum exhibited similar activities against the screened microorganisms, L. zeylanica showed significant populationlevel variation. For L. zeylanica, activity against the microorganisms, except M. phlei, was photo-mediated and restricted to S. aureus or B. subtilis. Whereas one population showed photo enhanced activity towards S. aureus and photoactivity towards B. subtilis, the activity of the second population was reversed. Interestingly, the third population of L. zeylanica was photoactive against B. subtilis but inactive against S. aureus.
Discussion
The majority of studies conducted in the search of compounds with antimicrobial properties have targeted plants with a history of ethnobotanical uses (Jovel et al., 1996; Taylor et al., 1996; Sindambiwe et al., 1999; Sokmen et al., 1999; Srinivasan et al., 2001; Alves et al., 2000) while a few studies have targeted randomly collected plants (Khafagi & Dewedar, 2000) , plants with localized distribution patterns (Herrera et al., 1996) , and plants growing in specific habitats (Devi et al., 1997; Bagchi et al., 1999) . The present study of plants growing on serpentine outcrops provides the first instance where plants from a heavy metal-rich, edaphicallystressed natural habitat have been screened for potential antimicrobial properties. Several species that were screened in this study have previously been surveyed for antimicrobial activities. In a recent survey by Samy and Ignacimuthu (2000) , Aerva lanata (L.) Juss. Ex Schult. (Amaranthaceae), Abutilon indicum Sweet (Malvaceae), Tephrosia pupurea Pers.(Fabaceae), Sida acuta Burm (Malvaceae), Syzygium cumini and Toddalia asiatica were found not to exhibit any antimicrobial properties. Similarly, our study failed to show any activity for T. asiatica, however, for the other five species tested, considerable activity was shown against several bacteria. Species of A. lanata and A. indicum have previously been documented as ineffective against the growth of S. aureus, B. subtilis, E. coli, P. aeruginosa and several other bacteria (Valsaraj et al., 1997; Samy et al., 1999) . Our results agree with their findings, however, these studies did not include the non-acid-fast bacterium, M. phlei, against which both these species showed activity in the present study. Interestingly, a recent study by Srinivasan et al. (2001) has shown antibacterial activity of A. indicum against two Gram-negative and one Gram-positive species. Previous studies (Samy et al., 1998; Srinivasan et al., 2001) found that T. purpurea, S. cumini, and S. acuta exhibited no activity against Gram-negative bacteria, including those tested in our study, agreeing with the observations made in the current study. A study by Bagchi et al. (1999) , however, has shown considerable activity of S. cuminii growing on cow dung against Gram-positive and Gramnegative bacteria and fungi suggesting the possible influence of their microbe-rich edaphic environment in the activity displayed. A new finding of our study is the photoactivity of both S. acuta and S. cumini. Sida acuta exhibited photo enhanced activity against S. aureus while S. cumini produced the largest zones of inhibition documented for both S. aureus and B. subtilis.
Seven species, Calotropis gigantea, Cassia auriculata L. (Fabaceae), Clerodendrum infortunatum, Eupatorium odoratum, Lantana camara, Morinda tinctoria Roxb. (Rubiaceae), and Physalis minima L. (Solanaceae) surveyed in our study have displayed antimicrobial properties in previous studies (Taylor et al., 1996; Valsaraj et al., 1997; Bagchi et al., 1999; Samy & Ignacimuthu, 2000; Srinivasan et al., 2001) . Our results agree with the findings of several of these studies, although, some conflicting observations are worthy of note. For instance, Cassia auriculata, Calotropis gigantea, Clerodendrum infortunatum, Lantana camara, and Morinda tinctoria have been previously shown to be effective against the Gram-negative bacterium, E. coli (Valsaraj et al., 1997; Sami & Ignacimuthu, 2000) . None of these species were effective against E. coli in our study. A study by Srinivasan et al. (2001) documented that C. auriculata was active against the Gram-negative P. aeruginosa but not against E. coli as documented by the earlier researchers. In our study, only L. camara tested effective against P. aeruginosa, yet it was ineffective against E. coli. Further, Eupatorium odoratum was previously recorded as having light enhanced activity (Taylor et al., 1996) , whereas in our study the activities of this species were not activated or enhanced by light. While these discrepancies may reveal population-level differences in activity, which could be genetic or environmentallyinduced or both, it may also result from the concentration differences used in the different studies. The concentration used in our study is several fold lower than those used in the other studies.
None of the metal hyperaccumulators showed any noteworthy effects against the microorganisms tested. This is in contrast to earlier findings (Boyd et al., 1994; Ghaderian et al., 2000) where the Ni in the hyperaccumulator was suggested to aid in the defense against pathogenic microbes. However, our study is different in that we did not directly test the effect of Ni on microbial growth. In fact, the concentrations of Ni in our crude methanol extracts were not tested and are most likely low. The Ni-hyperaccumulating species, Hybanthus enneaspermus, showed no activity against any of the organisms tested while Crotalaria biflora showed activity against only M. phlei. Evolvulus alsinoides, another Nihyperaccumulator, showed mild photoactivity against B. subtilis. This is the first record for photoactivity in the family Convolvulaceae. Whether this activity is related to the influence of the edaphic environment is unclear at this stage. The hyperaccumulation of Cu also showed little correlation to antimicrobial activity. Out of the several Cu hyperaccumulators tested, only Geniosporum tenuiflorum and Clerodendrum infortunatum showed activity against Gram-positive bacteria. It is unclear whether the gain or loss of antimicrobial activity in the plants collected in our study can be attributed to the influence of the edaphic environment or their metal-accumulating behavior. While the stressful environment of cow dung (Bagchi et al., 1999) has been shown to host a large number of plant species with enhanced activities against a range of microorganisms, the species we tested from the serpentine sites seem to have reduced activities compared to those reported for populations collected from non-serpentine sites; given the wide distribution of the species we tested, it is likely that populations previously tested came from non-serpentine substrates. An extensive survey of species from serpentine and non-serpentine sites is in order to determine if species found on serpentine substrates have reduced activity against microbes.
Two studies suggest possible reasons for the apparent loss of activity we have observed in the serpentine plants. Firstly, a study looking at the effects of water stress on the induction of antimicrobial compounds has shown that under water stress plants produce significantly lower concentrations of antimicrobial compounds (Kruger & Manion, 1994) . Serpentine environments are generally under extreme water stress, hence, the apparent loss of activity in the serpentine plants we collected may be due to water stress. Secondly, a study of microbe populations in serpentine and sandstone grasslands has shown that serpentine soils are significantly lower in fungal biomass and higher in fungivorous nematodes than soils derived from sandstone (Hungate et al., 2000) . Hence, the need for defense against various microbes may be lost in serpentine populations long-isolated from their close relatives found growing in non-serpentine soils.
In the current study only 12 of the 23 known medicinal species demonstrated activity beyond M. phlei and only two of the 32 species tested showed activity against the Gramnegative bacteria. When collections are based primarily on ethnobotanical information (McCutcheon et al., 1992; Taylor et al., 1996; Perez & Suarez, 1997; Khafagi & Dewedar, 2000) or on close relatives of plants with previously recorded activities against microorganisms (Camm et al., 1975; Ali et al., 1999; Dahot, 1999) , the occurrence of antimicrobial activity is much higher than recorded in our study. Further, our preliminary survey used only seven microorganisms compared to much higher numbers tested in other studies.
The population level differences we have documented for the activities of Leucas zeylanica emphasizes the importance of considering population level variation in testing for antimicrobial properties in plants. Although the three populations of this species were similar in phenology and were collected from near-identical habitats, the populations showed considerable variation in their activities against the tested organisms.
The high incidence of photoactivity found in the current study reinforces the need for testing plants under light conditions (Towers, 1984) . In angiosperms, activity of certain secondary metabolites, some of which are known to be associated with plant defense, is affected by exposure to light (Hudson & Towers, 1991; Towers et al., 1997) . In our study, 10 of the 32 species tested demonstrated some degree of photoactivity. The photoactivities of Evolvulus alsinoides, Leucas zeylanica, and Zizyphus oenoplia Mill. (Rhamnaceae) are the first reports of photoactivity for the families of Convolvulaceae, Lamiaceae, and Rhamnaceae, respectively. The photoactivities of several plants we tested may be explained by previous studies done on the chemistry of these species. The photoactivity of Cassia auriculata (Fabaceae) may be due to the presence of furanocoumarins and furochromones known in the family (Towers et al., 1997) while the photoactivity of Syzygium cumini (Myrtaceae) may be due to the presence of monoterpene aldehydes (Berenbaum, 1995) . The photoactivities demonstrated by Physalis minima (Solanaceae) and Morinda tinctoria (Rubiaceae) may be resulting from beta-carbolines and furanocoumarins common in the Solanaceae and beta-carbolines, isoquinolines, and quinolines known from the Rubiaceae, respectively (Berenbaum, 1995) . Lantana camara (Verbenaceae) and the unidentified species of Phyllanthus (Euphorbiaceae) were the two most promising species in terms of photoactivities against a range of microorganisms, including the Gram-negative bacterium P. aeruginosum. While Euphorbiaceae is known to contain the photoactive isoquinolines (Berenbaum, 1995) , directly photoactive com-pounds have not been identified from the Verbenaceae. However, several bioactive compounds, including triterpenes have been identified in L. camara (Barre et al., 1997) . Interestingly, L. camara is known to cause dermatitis in animals and it is believed that this reaction results from secondary photosensitization (Johnson & Jensen, 1998) , thus the term pseudophotophytodermatogen is used in describing the bioactivity of this species (J.C. Mitchell, personal communication). Both L. camara and the species of Phyllanthus (upon verification of the exact taxonomic status) are worthy of further investigation.
